Conditions have been established for the preparation of spheroplasts of Saccharomyces cerevisiae which are able to increase their net content of protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA), several-fold upon incubation in a medium stabilized with 1 M sorbitol. ade-l-, gal-I-, ura-l-, tyr-lh, his-7-, lys-2-, tryp-l-).
Conditions have been established for the preparation of spheroplasts of Saccharomyces cerevisiae which are able to increase their net content of protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA), several-fold upon incubation in a medium stabilized with 1 M sorbitol. The rate of RNA and protein synthesis in the spheroplasts is nearly the same as that occurring in whole cells incubated under the same conditions; DNA synthesis occurs at about half the whole cell rate. The spheroplasts synthesize transfer RNA and ribosomal RNA. The newly synthesized ribosomal RNA is incorporated into ribosomes and polysomes. The polysomes are the site of protein synthesis in these spheroplasts. Greater than 90% of the total RNA can be solubilized by treatment of the spheroplasts with sodium dodecyl sulfate or sodium deoxycholate. These spheroplast preparations appear to be a useful subject for the study of RNA metabolism in yeast.
In conjunction with our investigation of temperature-sensitive mutants in yeast (7) , it has become desirable to undertake a study of ribonucleic acid (RNA) metabolism in this organism. Advances in the understanding of RNA metabolism in mammalian cells have come through experiments which involve the pulse labeling of cells with radioactive precursors to RNA followed by the rapid lysis of the cells with detergents (for a review, see 11) . The cell wall of Saccharomyces cerevisiae prevents the use of this technique with whole cells, since detergents release only small amounts of RNA from the cell. The removal of the yeast cell wall with enzymes of the digestive juice of the snail and enzymes from microbial sources has been reported by many workers (5, 12 reduction in the fraction of the population converted to spheroplasts. In part C of Table 1 , data are presented which deal with the effect of the density of the culture from which the cells were harvested before treatment. The fraction of the population remaining as whole cells after a 30-min incubation in Glusulase increases rapidly when the culture density is allowed to go above 3.5 X 107 cells/ml. Therefore, we routinely harvest cells 1.31. ability of the spheroplasts to synthesize RNA. Furthermore, 98% of the RNA synthesized by the spheroplasts was released from the cells by the addition of 0.5% SDS after incubation in Glusulase for 30 min or 4 hr. Only approximately 10% of the RNA was released from whole cells after treatment with 0.5% SDS.
In summary, the optimal conditions for spheroplast formation appear to be the following. Cells are grown in YM-1 medium and harvested at a density of 2 X 107 cells/ml or less. The cells are washed once in distilled water by centrifugation and resuspended in 1 M sorbitol at a density of 2 x 108 cells/ml or less. Glusulase is added to a concentration of 1% and the mixture is incubated at 23 C until less than 2% whole cells remain. Although 1 hr is usually sufficient, a 4-hr incubation is not detrimental to the spheroplasts.
Macromolecule synthesis in spheroplasts. The next experiment was designed to give a quantitative estimate of the course of protein, RNA, and DNA synthesis in spheroplasts. Cells were grown from a small inoculum in YM-5 media containing 14C-adenine and 3H-lysine. Spheroplasts were prepared from the uniformly labeled cells. Spheroplasts and whole cells were then incubated in YM-5 medium containing 1 M sorbitol, 14C adenine, and 3H-lysine. Since the yeast strain employed is an adenine and lysine auxotroph, all of the cell protein is uniformly labeled with 3H, and the RNA and DNA are uniformly labeled with 14C. Thus an increase in the amount of radioactivity in RNA, DNA, or protein is directly proportional to the net increase in that macromolecular component. Figure 2 shows the time course of macromolecule synthesis in spheroplasts and whole cells. Examination of the curves for whole cells indicates that RNA, DNA, and protein increased normally after an initial lag of about 2 hr. A similar lag is seen for spheroplasts; then RNA and protein began increasing at rates comparable to those observed in whole cells. DNA increased at about half the whole-cell rate, achieving a 2.3-fold increase in 18 hr. RNA increased 2.4-fold in 9 hr and then remained essentially constant. Protein increased nearly sixfold in 15 hr with no further increase at 18 hr. The eventual cessation of RNA, DNA, and protein synthesis is not due to a deficiency of some component in the medium, as dilution into fresh medium does not lead to a further increase in these components.
In other experiments, increases in RNA and protein of about eightfold and in DNA of about threefold were recorded. In all cases, spheroplasts approximated the behavior of growing whole cells between about 2 and 9 hr after their formation, yet remained osmotically sensitive.
RNA from spheroplasts. RNA may be extracted from spheroplasts by treatment with SDS, DOC, or osmotic shock. More than 99%, of the RNA in the spheroplasts is solubilized by SDS. Figure 3 presents the results of a sucrose gradient centrifugation of the RNA extracted with SDS-buffer from spheroplasts made from cells which had been labeled with "4C-adenine for 4 hr prior to spheroplast formation. Escherichia coli ribosomes were added as an optical density (OD) marker. A normal pattern is seen, indicating the presence of transfer RNA (tRNA) and two ribosomal RNA (rRNA) components. The sharpness of the peaks and the fact that they sedimented in the usual positions relative to E. coli rRNA (10) constitutes good evidence that yeast RNA does not suffer extensive degradation during the preparation of spheroplasts and extraction with SDS buffer. However, about one-third of the RNA originally present in the whole cells is not recovered in the spheroplasts. This loss may be due to breakage of some spheroplasts during the centrifugation, or perhaps to the leakage of material from intact spheroplasts. We have observed this effect several times.
A comparison is made in Fig. 4 of RNA synthesized after spheroplast preparation with that synthesized before. In this experiment, spheroplasts were prepared and incubated for 4 hr in medium containing "4C-adenine. Thus, the radioactive material represents RNA made by spheroplasts, whereas the total RNA is represented by the OD at 260 my. The Pulse-labeling ofpolysomes from spheroplasts with radioactive amino acids and chase of radioactivity with unlabeled amino acids. Spheroplasts were incubated for 4 hr after formation in unlabeled YM-5 medium containing I M sorbitol, then centrifuged and resuspendedfor 2 min in a small volume ofsynthetic medium containing a mixture of 14C amino acids (14C-reconstituted protein hydrolysate, 0.5 ,uC/ml) and I M sorbitol. One halfof the culture was collected and resuspended in DOC buffer immediately (PULSE) while the other half was centrifuged and resuspended for 10 min in unlabeled medium containing 3% Casamino Acids (CHASE). The extracts were layered on sucrose gradients and centrifugedfor 3 hr. The solid line in each case represents OD 260 and the dotted line is radioactivity. radioactivity in the polysome region. The chase with unlabeled amino acids led to a fourfold reduction in the specific activity of the polysome region. These results are consistent with those obtained with many other organisms which indicate that the polysomes are the site of protein synthesis. The recovery of ribosomes and polysomes was 25 % less in the culture that was chased with cold amino acids. This loss is due to the additional centrifugation step which this culture underwent, and confirms the previous observation of a loss of material from spheroplast preparations upon centrifugation.
Pulse-labeled RNA from spheroplasts. Incubation of cells with a radioactive precursor of RNA for a very short period of time leads to a different labeling pattern than does incubation over a long period of time. In a short pulse experiment, the amount of label incorporated into an RNA component is roughly proportional to the rate of its synthesis, irrespective of its rate of degradation, whereas in a long-term experiment the amount of label incorporated into an RNA component is proportional to the total amount of that component in the cell. Figure 7 presents the results of an experiment in which a spheroplast preparation was labeled with "4C-adenine in synthetic medium for 1 min, extracted with SDS-buffer, and centrifuged on a sucrose gradient. It can be seen that the curve of radioactivity is quite different from the OD 260 curve which represents stable RNA. It will not be possible to interpret the radioactivity profile until a more detailed investigation of RNA metabolism in these yeast spheroplast preparations is carried out. DIscussIoN The purpose of this study was to prepare yeast spheroplasts which are physiologically normal as far as RNA metabolism is concerned. The spheroplast preparations which we have obtained increase their net contents of protein, RNA, and DNA more than twofold, and in some cases as much as eightfold. The initial rate of RNA and protein synthesis is almost the same as that of whole cells. Furthermore, these spheroplasts synthesize the same size of ribosomal RNA components as do whole cells, and the newly formed ribosomal RNA is incorporated into ribosomes and polysomes. Polysomes are the site of protein HUTCHISON (5) . The resulting changes in the surface-tovolume ratio could be responsible for the cessation of macromolecule synthesis. Finally, the spheroplasts might be slowly permeable to sorbitol. This would result in a slow dilution of the internal contents of the cell, which in turn might limit the synthetic capacity of the cell.
The reason for the different behavior of our spheroplast preparations which increase their protein contents six-to eightfold and those of de Kloet which increase protein content by only 5% is not immediately apparent. However, several differences in technique exist. We used a nonclumpy haploid strain of S. cerevisiae, whereas de Kloet used a diploid strain of S. carlsbergensis. Our preparations were incubated in 1 M sorbitol at 23 C, whereas he used approximately 0.6 M mannitol with 20 LM citrate buffer at 30 C. In spite of the quantitative difference in the rate of macromolecule synthesis, the two preparations behave qualitatively similar with respect to protein and RNA synthesis. Thus, de Kloet and co-workers have shown with their spheroplast preparations that protein synthesis occurs on polysomes (3) , that ribosomal RNA can be made and incorporated into ribosomes (2) , and that pulselabeled RNA is heterogeneous in size (1). We have confirmed these results with our spheroplast preparations. These spheroplast preparations should be useful for the study of RNA metabolism in yeast, since high yields of both total and pulse-labeled RNA can be quickly released from the cells with detergents or osmotic shock. We anticipate employing this technique in conjunction with studies on certain temperature-sensitive mutants of yeast that appear to have defects in RNA synthesis (7) .
